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Objective: The aim of the study was to detect inter-relations between the mechanical conditions and material properties of
abdominal aortic aneurysm (AAA) wall and the underlying local gene expression of destabilizing inﬂammatory, pro-
teolytic, and structural factors.
Methods: During open surgery, 51 tissue samples from 31 AAA patients were harvested. Gene expression of collagen types
I and III, inﬂammatory factors CD45 and MSR1, proteolytic enzymes matrix metalloproteinases 2 and 9, and tissue
inhibitor of matrix metalloproteinase 1 was analyzed by reverse transcription-polymerase chain reaction. Material
properties of corresponding AAA tissue samples were assessed by cyclic sinusoidal and destructive testing. Local me-
chanical conditions of stress and strain were determined by advanced nonlinear ﬁnite element analysis based on patient-
speciﬁc three-dimensional AAA models derived from preoperative computed tomography data.
Results: In the AAA wall, all parameters analyzed were signiﬁcantly expressed at the messenger RNA level. With respect to
mechanical properties of the aneurysmatic wall, expression of collagen III correlated with the stiffness parameter a
(r [ L0.348; P [ .017), and matrix metalloprotease 2 correlated with the stiffness parameter b and wall strength
(r[L0.438 andL0.593; P[ .005 and P < .001). Furthermore, signiﬁcant relationships were observed between local
AAA diameter and the expression of CD45, MSR1, and tissue inhibitor of matrix metalloproteinase 1 (r[ 0.285, 0.551,
0.328; P < .05). However, we found no inter-relation of local calculated wall stresses and strains with gene expression.
Conclusions: Our results show for the ﬁrst time that gene expressions of destabilizing factors within AAA tissue might be
correlated to geometric and mechanical properties of the AAA wall. However, we found no inﬂuence of local mechanical
conditions on gene expression of these factors. Therefore, these preliminary results are still ambiguous. (J Vasc Surg
2014;60:1640-7.)
Clinical Relevance: So far, there is no clear evidence of a direct inter-relation between material properties of the abdominal
aortic aneurysmwall and underlying local gene expression of destabilizing inﬂammatory, proteolytic, and structural factors.
The results of our current study demonstrate for the ﬁrst time that gene expression of relevant destabilizing factors within
the abdominal aortic aneurysm were signiﬁcantly associated with mechanical properties of the diseased aortic wall.Degradation of the components of the extracellular
matrix (ECM) is one of the main reasons for initiation
and progression of abdominal aortic aneurysm (AAA).1,2
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0mechanical loading exerted by blood pressure, progressive
vessel dilation takes place. However, the mutual interac-
tions between biomechanical conditions and underlying
pathohistologic changes leading to further AAA expansion
and ﬁnally to rupture are so far poorly understood. The
ability of AAA to sustain the force exerted by blood pres-
sure is determined by the presence and proper function
of ECM proteins, especially collagen.3-7 In particular,
collagen types I and III play a major role in the mainte-
nance of mechanical stability of the aortic wall.2,8 The
destabilizing role of matrix metalloproteinases (MMPs)
by degradation of the ECM has already been described in
AAA.9-11 In this context, MMP-2, derived from aortic
smooth muscle cells, is thought to be important in the initi-
ation of aneurysm.11,12 In contrast, MMP-9 activity is
highly expressed in the wall of already established AAA
and is associated with its further progression.1,12 The upre-
gulation of MMP-2 and MMP-9 as well as of the tissue in-
hibitor of matrix metalloproteinase 1 (TIMP-1) has already
been shown in detail in AAA.13,14 Thereby, characteristic
Table I. Patient characteristics
No. of patients 31 (30_, 1\)
Age, years, median (range) 69 (50-90)
Maximum AAA diameter, cm, median (range) 5.6 (4.3-8.9)
No. of patients with No. (%)
CKD 6 (19.4)
Hypertension 18 (58.1)
DM 6 (19.4)
Coronary heart disease 13 (41.2)
Positive smoking status 21 (67.7)
AAA, Abdominal aortic aneurysm; CKD, chronic kidney disease; DM,
diabetes mellitus.
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of MMPs and other proteases. These cells may additionally
contribute to the degradation of the ECM and destabiliza-
tion of the AAA wall.15-17 Furthermore, proteolysis of
ECM proteins facilitates migration of inﬂammatory cells
into the aortic media, resulting in additional weakening
of the aortic wall, which may eventually lead to outward
disruption of AAA.
However, the impact of inﬂammatory and proteolytic
processes on the strength and constitutive properties of
the AAA wall has never been supported by mechanical
testing of AAA tissue samples. Furthermore, whether me-
chanical quantities such as wall stresses and strains inﬂuence
the expression of inﬂammatory or proteolytic processes in
the aneurysmatic aortic wall has never been investigated.
With recent advances in patient-speciﬁc ﬁnite element anal-
ysis now allowing the accurate computation of these me-
chanical quantities in the AAA wall,18-21 the investigation
of these inter-relations is possible.
With our current study, we intended to answer the
following questions: (1) Does any relationship exist be-
tween local geometric parameters and mechanical strains/
stresses within the AAA wall and the expression of ECM
components, inﬂammatory factors, or proteolytic enzymes?
(2) Do the expression levels of ECM components, inﬂam-
matory factors, and proteolytic processes affect the strength
and stiffness of AAA wall? To answer these pathophysio-
logic questions, the local gene expression of MMP-2 and
MMP-9, their inhibitor TIMP-1, inﬂammatory factors
CD45 and MSR1 as surface markers of leukocytes and
macrophages, and the ECM proteins collagen I and III
was compared with the calculated sampleelocal mechanical
stress and strain conditions and material properties of the
corresponding tissue samples of the AAA wall.
METHODS
Study population and tissue sampling. In the pre-
sent study, 51 tissue samples from 31 AAA patients
assessed for open repair were included. The clinical data
of the patients are summarized in Table I. Informed writ-
ten consent was obtained from all patients. The study
was approved by the ethics committee of the university
hospital Rechts der Isar, Technische Universität München,Germany. All patients underwent computed tomography.
Computed tomography data sets were used to obtain
three-dimensional reconstructions of AAA geometries
including intraluminal thrombus with the commercial
segmentation software Mimics (Materialise, Leuven,
Belgium). Images of these reconstructions were used dur-
ing surgery to indicate the exact sample excision site by the
surgeon. Thereby, the excision site was documented by the
intraoperatively measured distance to the renal arteries or
the aortic bifurcation and circumferentially by clockwise
orientation. The AAA wall samples were randomly taken
out of the anterior or lateral aneurysm sac at locations
leaving enough material for a full coverage of the alloplastic
prosthesis in the inclusion technique. Moreover, the re-
constructions were used to determine local sample-speciﬁc
geometric parameters, such as the AAA diameter and
intraluminal thrombus thickness, at the sample excision
site. The explanted tissue specimens were divided into two
corresponding parts for biologic and mechanical analysis.
This procedure facilitates the direct comparison of gene
expression with the mechanical quantities in the AAA wall
provided by advanced ﬁnite element analysis and material
properties obtained from tensile testing. The biologic part
of the sample was ﬁxed in all cases with 4% formalin and
embedded in parafﬁn. The part intended for tensile testing
was stored in lactated Ringer solution (130 mmol/L so-
dium chloride, 5 mmol/L potassium chloride, 2 mmol/L
calcium chloride, 3 mmol/L sodium lactate) and kept at
4C. Mechanical testing was performed between 10 and
20 hours after surgery. Within this time, no signiﬁcant
degradation of messenger RNA (mRNA) or protein is
observed.22,23 Therefore, no signiﬁcant inﬂuence of enzy-
matic degradation within the time span was expected.
Moreover, in our experience, the mechanical properties of
aortic wall specimens in tensile tests remain stable for more
than 48 hours.
Finite element analysis. Finite element analysis was
performed as described previously in detail.5,19 Finite
element models of the reconstructions were created by
Harpoon (Sharc Ltd, Manchester, UK). The correspond-
ing patient-speciﬁc nonlinear quasi-static structural ﬁnite
element simulations were carried out by our in-house
research code BACI.24 We used a hyperelastic constitu-
tive law for the AAA wall based on a strain energy function
proposed by Raghavan and Vorp3:
j ¼ aðsrðCÞ  3Þ þ bðsrðCÞ  3Þ2
where sr(C) denotes the trace of the right Cauchy-Green
deformation tensor as a measure of strain. The two param-
eters a and b can be interpreted as stiffness in the small
strain and large strain regimen, respectively. For the intra-
luminal thrombus, the constitutive model proposed by
Gasser et al25 was used.
Mechanical testing. AAA wall samples were cleaned
from nonvessel wall components and cut into individual
rectangular specimens suitable for uniaxial tensile testing
(typically 20 mm  8 mm). Specimen thickness was
Fig. Gene expression of structural proteins of collagen (Col) type I
and type III, inﬂammatory factors CD45 and MSR1, proteolytic
enzymes matrix metalloproteinases 2 and 9 (MMP-2 andMMP-9),
and tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) in
abdominal aortic aneurysm (AAA) wall. RNA was extracted from
formalin-ﬁxed parafﬁn-embedded AAA tissue samples adjacent to
the histologic and mechanical part. All values show relative
expression of the individual factors related to the expression of the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which means that the values at y-axis show the x-fold
expression related to the expression of GAPDH.
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Quick-Mini Series 700 digital thickness gauge (Mitutoyo,
Kawasaki, Japan). Elastic properties and failure load were
investigated with a Bose ElectroForce 3100 tensile test
machine (Bose Corporation, Eden Prairie, Wisc). First, the
tissue samples were exposed to a cyclic sinusoidal pre-
conditioning at a frequency of 0.5 Hz with a loading up to
approximately 0.20 MPa (depending on specimen thick-
ness). After application of 19 cycles of preconditioning, the
data of cycle 20 were used for the evaluation of stiffness
parameters. After the cyclic testing, specimens underwent
destructive testing to measure the failure load. In both
cases, the applied force and the clamp displacement were
recorded.
The parameters a (N/mm2) and b (N/mm2) of the
constitutive law were determined from the cyclic experi-
ments by a Levenberg-Marquardt curve-ﬁtting algorithm.5
Wall strength (N/mm2) and failure tension (N/mm) were
derived from destructive testing5:
strength ¼ Fmax
A0
; failure tension ¼ Fmax
specimen width
with the maximum measured force Fmax and the initial
cross-sectional area A0 of each specimen. For a more
detailed description of the experimental setup, the reader
is referred to Reeps et al.5
Quantitative real-time reverse transcription-
polymerase chain reaction. Quantitative real-time reverse
transcription-polymerase chain reactionwas performed from
the formalin-ﬁxed tissue samples corresponding to the
specimens analyzed by uniaxial tensile tests with 2  10 mm
of tissue sections from each sample. The RNA was isolated
with the High Pure RNA Parafﬁn Kit (Roche, Mannheim,
Germany) and transcribed into complementary DNA with
the cDNA Synthesis Kit RevertAid (Fermentas, St Leon-
Rot, Germany) according to the manufacturer’s in-
structions. The SYBR Green ﬂuorescence dye (peqLab,
Erlangen, Germany) and SYBR Green Cycler StepOnePlus
(Life Technologies, Darmstadt, Germany) were used to
quantify the PCR results. The PCR reaction was performed
under the following conditions: initialization step for 5 mi-
nutes at 95C, denaturation for 30 seconds at 95C,
annealing for 30 seconds at 60C, extension for 45 seconds
at 72C using 45 cycles. The results were normalized to the
expression level of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) in the way showing x-fold expression of the
individual marker related to the expression of GAPDH. The
following primers were implemented: Col1A2, Col3A1,
MMP-2, MMP-9, TIMP-1, MSR1, and CD45 (Qiagen,
Hilden, Germany).
Histologic staining and evaluation. To assess sample
morphology, hematoxylin-eosin and elasticaevan Gieson
staining was performed. The intensity of hematoxylin-eosin
and elasticaevan Gieson staining was evaluated by light
microscopy. The graduation of inﬂammation in the AAA
samples as well as the appearance of neovessels was
conducted by two experienced investigators using asemiquantitative scoring as follows: , no inﬂammatory
cells, no neovessels; þ, few scattered inﬂammatory cells or
minority of neovessels; þþ, moderate amount of inﬂam-
matory cells or neovessels; þþþ, strong appearance of in-
ﬂammatory cells, frequently in clusters, and high amount of
neovessels.
Statistical evaluation. The statistical analysis of all re-
sults was performed with SPSS for Windows version 20.0
(SPSS Inc, Chicago, Ill). To compare values of continuous
variables, the Mann-Whitney test was carried out. Correla-
tions between continuous variables were quantiﬁed by
Spearman rank correlation coefﬁcient. Results were
considered signiﬁcant at P < .05.
RESULTS
Quantitative expression analysis. Inourﬁrst approach,
we analyzed the expression of selected well-knownmarkers as
representatives of AAA progression toward rupture with re-
gard to inﬂammation, such as leukocytes and their com-
mon surface marker CD45, macrophages with their
common surface scavenger receptor MSR1, enzymes of
proteolytic degradation such as MMP-2 andMMP -9, and
their inhibitor TIMP-1. In addition, as common structural
proteins responsible for AAA wall stability, we analyzed
collagen types I and III. The gene expression of these
destabilizing markers was detected in all AAA tissue sam-
ples (Fig). The expression of both collagens, type I and
type III, appeared to be similar (inter-related difference
between collagen types I and III was 0.77; P ¼ .381). In
contrast, the expression of CD45 was 6.02-fold higher
Table II. Correlation between semiquantitatively assessed histology and gene expression
Collagen I Collagen III CD45 MSR1 MMP-2 MMP-9 TIMP-1
Inﬁltrates NC 0.308a 0.496c 0.548c 0.559c NC 0.314a
Neovessels NC 0.445c 0.375b 0.540c 0.520c NC 0.409b
MMP, Matrix metalloproteinase; TIMP-1, tissue inhibitor of matrix metalloproteinase 1.
Signiﬁcance aP < .05; bP < .01; cP < .001; NC, no correlation (P > .05).
Table III. Correlation between gene expression, morphology, and mechanics for all patients included in the study
Thrombus Diameter Wall strengtha Wall stressb Wall strainb a b
Collagen I d d d d d d d
Collagen III d d d d d 0.348c d
CD45 d 0.285c d d d d d
MSR1 d 0.551e d d d d d
MMP-2 d d 0.438d d d d 0.593d
MMP-9 d d d d d d d
TIMP-1 d 0.328c d d d d d
MMP, Matrix metalloproteinase; TIMP-1, tissue inhibitor of matrix metalloproteinase 1.
aWall strength was measured by tensile tests.
bWall stress and wall strain are calculated von Mises stress and strain.
Signiﬁcance cP < .05; dP < .01; eP < .001; d, no correlation (P > .05).
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collagen was observed also for MMP-2 and MMP-9 (in-
ter-related difference, 1.87; P ¼ .097). Regarding the
relationship between the expression of MMPs analyzed in
our study and TIMP-1, the expression of their inhibitor
was signiﬁcantly higher, 2.23-fold for MMP-2 (P < .001)
and 1.93-fold for MMP-9 (P < .001).
Gene expression at mRNA level and underlying
pathohistology. To analyze whether gene expression at
the mRNA level is associated with histopathologic changes
in the AAA wall, mRNA expression was also correlated
semiquantitatively with the assessed histologic ﬁndings,
such as inﬁltrates and neovessels (Table II). As expected,
the inﬁltration rate as well as the appearance of neovessels
within the AAA wall correlated signiﬁcantly with the
mRNA level of CD45 and MSR1 (r ¼ 0.496 and r ¼
0.548, P < .001 for inﬁltrates; r ¼ 0.375 and r ¼ 0.540,
P < .01 and P < .001 for neovessels). Interestingly, the
mRNA level of collagen III was related to the abundance
of inﬂammatory cells and neovessels (r ¼ 0.308 and r ¼
0.445, P < .05 and P < .001, respectively). Furthermore,
the gene expression of MMP-2 was signiﬁcantly associated
with the grade of inﬂammation within the aortic wall (r ¼
0.559; P < .001). In contrast, no association was found for
the expression of MMP-9. Further, no correlation between
the semiquantitatively determined amounts of collagen
types I and III in the tissue samples and the expression of
collagen types I and III was observed.
It is of note that we omitted an analysis of the expression
of elastin because our histologic analyses revealed very low
amounts of elastic ﬁbers in our AAA tissue specimens,mainly
under 5% and inmost cases even under 1% (data not shown).
Correlation of mRNA expressions with local wall
stress and strain. For the identiﬁcation of potential induc-
tion mechanisms of purely mechanical conditions onbiologic processes, the computationally assessed calculated
wall stresses and strains at the sample site were compared
with the mRNA expression of the inﬂammatory, proteo-
lytic, and ECM proteins. Thereby, no signiﬁcant correla-
tions of local calculated von Mises maximum strains or
wall stresses were observed with these parameters
(Table III).
Expression at mRNA level in correlation to geo-
metric and mechanical properties. To further compare
mechanical and biologic characteristics of the AAA wall,
the expression of the destabilizing factors was correlated
with measured tensile mechanical properties and patho-
morphologic features of the aortic wall (Table III).
Signiﬁcantly positive correlations were observed between
the AAA diameter at the sample site (local diameter) and
the expression of inﬂammatory factors CD45 and MSR1
(r ¼ 0.285 and r ¼ 0.551; P < .05 and P < .001,
respectively). Concerning the constitutive parameters ob-
tained from tensile tests, the expression of collagen III
correlated signiﬁcantly negative with the parameter a
(r ¼ 0.348; P < .05) and, in addition, MMP-2 with the
parameter b and wall strength (r ¼ 0.593 and
r ¼ 0.438; P < .01, respectively). No other signiﬁcant
correlations were found for the expression of other biologic
parameters with mechanical quantities.
Furthermore, because accompanying diseases such as
diabetes mellitus (DM) and chronic kidney disease
(CKD) may also inﬂuence gene expression within the
AAA wall, we performed additional correlation analysis
excluding patients with these diseases (Table IV). The re-
sults after exclusion of patients with DM or CKD
conﬁrmed the data including all individuals of our study.
Additional correlations were observed for the expression
of collagen III with local diameter and for the stiffness
parameter b after exclusion of CKD patients (both
Table IV. Correlation between gene expression, morphology, and mechanics excluding patients with chronic kidney
disease (CKD; upper values) or with diabetes mellitus (DM; lower values)
Thrombus Diameter Wall strengtha Wall stressb Wall strainb a b
Collagen I d d d d d d d
d d d d d d d
Collagen III d 0.321c d d d 0.351c 0.402c
d d d d d 0.324c d
CD45 d 0.314c d d d d d
d 0.326c d d d d d
MSR1 d 0.501e d d d d d
d 0.564e d d d d d
MMP-2 d d 0.469d d d d 0.686e
d 0.360c 0.414c d d d 0.467d
MMP-9 d d d d d d d
d d d d d d d
TIMP-1 d 0.350c d d d d d
d d d d d d d
MMP, Matrix metalloproteinase; TIMP-1, tissue inhibitor of matrix metalloproteinase 1.
aWall strength was measured by tensile tests.
bWall stress and wall strain are calculated von Mises stress and strain.
Signiﬁcance cP < .05; dP < .01; eP < .001; d, no correlation (P > .05).
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DISCUSSION
In our current study, we have approached a completely
new aspect of the pathogenetic evaluation of AAA by
comparing mechanical parameters of the diseased aortic
wall with the corresponding gene expression of relevant
biologic factors responsible for AAA progression toward
rupture, such as MMPs, inﬂammation, and important
structural proteins of the ECM.
The expression of all these potentially destabilizing fac-
tors of AAA analyzed in our study could be detected in the
aneurysmatic arterial wall. Thereby, the mRNA level of
collagen types I and III was found to be expressed at a
similar level. Thus, both types of collagen might be equally
important for the maintenance of AAA wall stability or
aneurysm wall remodeling. Among the different collagens
in the vessel wall, type I and type III are the major ﬁbrillar
collagens with 60% and 30% of the total aortic wall protein
content, respectively.26,27 Their proper function is indis-
pensable for the maintenance of mechanical stability of
the aortic wall.8,9 On the other hand, former studies have
already shown that MMPs may markedly contribute to
the formation and progression of AAA by proteolysis of
ECM.7,10-13,15 In the vascular wall, elastases and collage-
nases such as MMPs are secreted from activated smooth
muscle cells or from inﬁltrating leukocytes as well as from
macrophages.28 Therefore, it is assumed that the expres-
sion of collagen types I and III alone is insufﬁcient to
describe the vessel wall stability biologically.
Therefore, concerning inﬂammation, we decided to
analyze the expression of surface markers of leukocytes
(CD45) and macrophages (MSR1, scavenger receptor)
at the mRNA level as representatives of the potentially
destabilizing factors of inﬂammation in the AAA wall.
Both markers of inﬂammation, as expected and previouslypublished,12,29,30 were upregulated and were signiﬁcantly
correlated with the amount of inﬂammatory cells (perivascu-
lar leukocytes and macrophages) as well as neovessels in the
AAA wall (Table II). During the formation of aneurysm,
extensive inﬁltration of inﬂammatory cells and neovasculari-
zation are observed, in particular that of macrophages and
lymphocytes.17,29,30 On activation, leukocytes express a va-
riety of cytokines and consequently promote expression of
MMPs and may thus further contribute to the proteolysis
of the AAA wall with consecutive expansion of the diseased
aorta. We assume that especially due to inﬂammatory cyto-
kines, the overall expression of both protective and promot-
ing factors is increased during AAA progression.12,15
Nonetheless, because of an imbalance of these factors, the
progression of AAA may further proceed.
In addition, because accompanying diseases such as
DM and CKD can also inﬂuence gene expression,31,32
we excluded these patients and performed additional corre-
lation analysis. The results mainly conﬁrmed our data with
all individuals included in our study. In addition, after
exclusion of patients suffering from CKD, two additional
correlations were observed for collagen III and AAA diam-
eter as well as for collagen III and the mechanical param-
eter b stiffness. Furthermore, an additional correlation
was found between MMP-2 and AAA diameter excluding
patients with DM. These diseases might therefore be
considered additional factors affecting the aortic wall stabil-
ity. Nevertheless, because the correlation data with or
without exclusion of patients with these accompanying dis-
eases were mostly akin, we suppose that the effect is negli-
gible or low. However, these results have to be further
conﬁrmed in larger studies and from other researchers.
The most important results of our study are the inter-
dependencies between mechanical conditions, AAA geom-
etry, gene expression, and material properties of the AAA
wall as depicted in the Supplementary Table (online
only). Signiﬁcant correlations were observed between local
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factors CD45 and MSR1. One possible explanation is that
with increasing diameter, the total volume of vessel wall in-
creases and so does the amount of inﬂammatory cells and
consequently the expression of the inﬂammatory factors.
However, in this case, themRNA level of all factors analyzed
should have been increased. Another explanation would be
that the increased expression of the inﬂammatory factors
may simply reﬂect the biologic progression of the vessel dis-
ease at larger diameters. Third, and an eventually more plau-
sible explanation, is that according to the law of Laplace, the
enlargement of aortic diameter leads to higher mechanical
stress acting on the vessel wall, thus activating mechanore-
ceptors and cytoskeleton on the endothelial layer or resident
cells.33 However, contrary to these assumptions, we found
no signiﬁcant correlation of computationally assessed calcu-
lated local stresses and strains with the mRNA expression of
inﬂammatory markers, MMPs, and collagens in correspond-
ing tissue samples. However, these results may be explained
by the comparison of long-term acting parameters, such as
mechanical conditions, with short-term regulation mecha-
nisms, such as mRNA expression. There can be other un-
known inﬂuences on the speciﬁc mRNA synthesis.
Moreover, time and threshold phenomena can be discussed
in this context. Mechanobiologic interactions may only lead
to notably increased reactive mRNA expressions of inﬂam-
matory and proteolytic factors or collagen synthesis at the
initiation of an AAA and in case of strongly misbalanced
mechanobiologic vessel wall homeostasis.
Furthermore, we analyzed the role of mRNA expression
of inﬂammatory cells,MMPproteolysis, and collagen synthe-
sis in comparison to the material properties of the AAA wall.
As expected, we found that increasing expression of MMP
was strongly correlated to decreasing AAA wall strength
and b stiffness. Interestingly, independent from local diam-
eter, this correlation was observed only for MMP-2 but not
for MMP-9. Moreover, aortic wall a stiffness was negatively
correlated with the expression of collagen III. These results
may be explained as a response of aortic wall to the reduced
wall elasticity by elastic ﬁber degradation. Type III collagen
is prominent in the initial stages of healing, when it provides
early mechanical strength to the newly synthesized ECM.34
In contrast, type I collagen possesses the ability to carry a
higher mechanical load and is found in mature scar tissue
with low ECM turnover. This reasoning might explain why
we found no correlation of collagen I mRNA expression
with the mechanical properties of the AAA wall.
Interestingly, we did not observe any correlation be-
tween expression of MMP-2 or MMP-9 and AAA diam-
eter, as was already described previously.35-37 This
discrepancy can be explained in several ways. First, it could
be due to the low number of patients used in our study.
Furthermore, most researchers analyzed the level of
MMP-2 and MMP-9 in comparison with AAA diameter
in the blood of these patients (our own not published
data).38,39 Only a few studies evaluated expression of
MMP-2 and MMP-9 directly in AAA tissue samples, and
the results are conﬂicting, inconclusive, or controversial.Dilmé et al35 compared three different groups of patients,
with small AAA diameter (<55 mm), moderate AAA diam-
eter (55-69.9 mm), and large AAA diameter ($70 mm).
No differences were observed for MMP-2, and MMP-9
displayed the maximum expression level in the moderate-
diameter group. Papalambros et al36 observed no relation-
ship between MMP-2 activity and AAA size as well;
MMP-9 was signiﬁcantly higher in larger AAAs (>60 mm).
Petersen et al37 found signiﬁcant differences for MMP-2
levels in large AAAs (>70 mm) in comparison to the
medium-sized AAAs (50-70 mm), and MMP-9 expression
was signiﬁcantly increased in medium-sized compared with
large AAAs. Furthermore, these authors did not perform
direct correlation analysis betweenAAAdiameter and expres-
sion of MMPs but rather compared various groups with
different AAA sizes. We did not perform any such sizing of
AAA patients by AAAdiameter because of the relatively small
number of patients in our study.
Study limitation. Despite some interesting results
found in the current work regarding the assumed interde-
pendences between mechanical and selected biologic pa-
rameters at the mRNA level, it is considered that these
investigations are a ﬁrst approach to the study of mechano-
biologic interactions in vivo. Therefore, our results have to
be augmented and conﬁrmed in a larger cohort study and
also in particular at the protein level. In addition, substantial
heterogeneity between the individual data of each aortic tis-
sue specimen was observed, as already described by Hurks
et al.40 Mechanical tissue testing uses a large sample size
and leads to consistently distributed material properties,
such as stiffness and failure tension, whereas histology and
gene expression are based on micro-scale investigations,
allowing more bias. Inherently, sample sizes differ signiﬁ-
cantly as well, which inﬂuences potential correlations be-
tween these types of data. Our expression analysis concerned
the whole AAA wall, but there can be signiﬁcant differences
in different areas within the aortic tissue sample. Such cir-
cumstances can be a further bottleneck of our study.
Furthermore, intraluminal thrombus (¼ laminated clot) or
thickness of the aortic wall may also be an independent
although important factor on the inﬂammatory milieu to
inﬂuence gene expression of various markers within the
AAA wall. On the other hand, we were focused not exclu-
sively on the expression of inﬂammatory and proteolytic
markers but also on the expression of structural load-bearing
proteins. Furthermore, most AAAs have signiﬁcant
thrombus lining in the aneurysmatic areas, where excision of
tissue samples is not possible without harming the patient.
Finally, expression of collagen cannot be placed on the same
level as the occurrence of collagen protein. In addition, the
functional properties of collagen ﬁbers are an important
factor playing a decisive role in AAAwall stability and do not
necessarily need to correspond with gene expression.CONCLUSIONS
Our results show some interesting relationships
regarding the expression of relevant destabilizing factors of
JOURNAL OF VASCULAR SURGERY
1646 Reeps et al December 2014AAA and its mechanical properties, such as MMP-2 and
collagen III, that might play a potential relevant role in
the maintenance of aortic wall stability. Regarding biome-
chanical parameters, expression of inﬂammatory factors
correlated signiﬁcantly with AAA diameter at the sample
excision site. We found no signiﬁcant correlation of compu-
tationally assessed local stresses and strains with the mRNA
expression of inﬂammatory markers, MMPs, and collagens
in the underlying tissue samples. Thus, these ambiguous
ﬁndings of mechanobiologic interactions in human AAA
wall and gene expression have to be further investigated in
a larger study cohort and under consideration of other regu-
lation mechanisms at the post-mRNA level.
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Supplementary Table (online only). Selected examples of corresponding biomechanical parameters, histologic features,
and expression analysis
Age,
years
Biomechanical parameters
Thrombus,
mm
Max AAA
diameter, mm
Radius
(mechanics), mm
von Mises
strain, kPa
von Mises
stress, kPa
Max tension,
N/mm
Strength,
N/mm2 a, N/mm2 b, N/mm2
Sample 1 69 6.95 61.0 25.15 0.152 175.6 1.247 0.594 0.094 1.84
Sample 2 69 1.64 56.5 16.46 0.174 241.2 1.703 1.064 0.073 1.97
Sample 3 50 0.00 73.0 34.89 0.221 315.4 0.717 0.360 0.069 1.14
Sample 4 69 19.95 56.5 26.22 0.109 94.7 1.306 0.637 0.048 1.38
Sample 5 62 13.95 52.5 25.75 0.131 123.6 1.582 0.676 0.170 3.49
Sample 6 59 2.99 59.0 25.27 0.177 220.4 2.278 0.945 0.212 8.87
Sample 7 64 6.25 56.0 25.51 0.161 177.1 1.803 1.244 0.129 5.44
Sample 8 80 17.10 67.5 32.96 0.112 101.6 2.613 0.860 0.069 2.49
Sample 9 79 22.77 51.5 24.48 0.106 91.4 2.046 2.181 0.114 15.41
Sample 10 75 0.00 63.0 20.48 0.206 280.7 1.573 0.837 0.030 3.28
AAA, Abdominal aortic aneurysm; Col, collagen; MMP, matrix metalloproteinase; TIMP-1, tissue inhibitor of matrix metalloproteinase 1.
aSemiquantitative grading: , no inﬂammatory cells, no neovessels; þ, few scattered inﬂammatory cells or a minority of neovessels; þþ, moderate amount of
inﬂammatory cells or neovessels; þþþ, strong appearance of inﬂammatory cells, frequently in clusters, and high number of neovessels.
bExpression analysis at mRNA level by reverse transcriptionepolymerase chain reaction from formalin-ﬁxed tissue samples adjacent to the histologic specimens.
All values show relative expression of the individual factors related to the expression of glyceraldehyde 3-phosphate dehydrogenase (eg, 4.58 means a 4.58-fold
higher expression than that of glyceraldehyde 3-phosphate dehydrogenase).
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Biomechanical parameters Histologya Expression analysisb
Wall thickness,
mm Inﬁltrates Neovascularization CD45 MSR1 TIMP-1 ColIA2 ColIIIA1 MMP-2 MMP-9
2.10 þþþ þþ/þþþ 4.58 0.45 4.69 1.51 1.60 0.93 0.51
1.60 þþ þþ 2.96 0.16 1.45 1.06 1.43 1.05 0.08
1.99 þþþ þþ/þþþ 5.12 0.21 3.75 1.40 1.07 1.23 1.74
2.05 þþ/þþþ þþ 1.02 0.43 1.04 0.41 0.93 0.95 0.09
2.34 þ/þþ þ/þþ 17.78 0.98 0.93 1.10 0.00 0.56 0.92
2.41 þþþ þþ/þþþ 2.89 0.19 1.80 0.21 0.12 0.26 0.32
1.45 þþþ þþ/þþþ 20.25 0.71 0.84 0.57 0.60 0.62 3.68
2.84 þþ þ 6.83 0.43 0.63 0.26 0.15 0.58 0.52
1.34 þ/þþ þ/ 7.91 0.14 0.42 0.25 0.16 0.13 0.14
1.88 þþ/þþþ þ/þþ 0.98 0.09 0.51 0.19 0.18 0.12 0.10
Supplementary Table (online only). Continued.
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